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ABSTRACT  Between the pigment epithelium and the outer limiting membrane of the retina is 
an  extracellular  compartment  filled  with the  interphotoreceptor  matrix  (IPM).  A  prominent 
component  of the  IPM is a glycoprotein  known as interstitial  retinol-binding  protein  (IRBP). 
Using in vitro techniques,  we compared the ability of the cells that border this compartment 
to  internalize  colloidal  gold  (CG) coated  with either  IRBP or ovalbumin,  a glycoprotein  not 
found in the IPM.  Neither IRBP-CG nor ovalbumin-CG was internalized by the Muller's cells. 
Both rod and cone photoreceptors take up IRBP-CG, which is observed  in small vesicles and 
multivesicular bodies. Neither photoreceptor type takes up ovalbumin-CG. Acid phosphatase 
cytochemistry  indicates  that acid  phosphatase  reaction  product  in the  multivesicular  bodies 
co-localizes  with  IRBP-CG, which  suggests that this  molecule  is degraded  by rod and  cone 
photoreceptors  and  is  not  recycled.  The  pigment  epithelium  internalizes  IRBP-CG  and 
ovalbumin-CG,  both  of which  remain  in  small  cytoplasmic  vesicles  near  the apical  plasma 
membrane. There is no  indication  that vesicles  that contain  either  IRBP-CG or ovalbumin- 
CG fuse with the lysosomal  system  in the pigment epithelial cells during the incubation. 
The interphotoreceptor matrix (IPM) ~ fills  an  extracellular 
compartment between the outer limiting membrane of the 
retina and the apical surface of the pigment epithelium. The 
inner and outer segments of the photoreceptors project from 
the outer retinal surface into the IPM. Because of the inter- 
dependence of the photoreceptors and the pigment epithelium 
for the continued function of the visual process, the unique 
location of the IPM implicates the components of this extra- 
cellular matrix in  the  mediation of interactions that  occur 
between these tissues. 
The IPM is composed of a mixture of glycoconjugates and 
non-glycosylated proteins (1, 3). In vitro studies of the retina 
and pigment epithelium have shown that these tissues actively 
synthesize and secrete components of the IPM (1, 4, 7). The 
ongoing addition of new constituents to the matrix must be 
accompanied by some mechanism for removal and degrada- 
Abbreviations used in this paper: CO, colloidal gold; IPM, interpho- 
toreceptor matrix: IRBP, interstitial retinol-binding protein. 
1676 
tion of the IPM as well, if steady state volume and concentra- 
tion of the individual components are to be maintained (15). 
It is not known how any component of the IPM is removed, 
recycled, or degraded. 
Recent studies identified an IPM glycoprotein of high mo- 
lecular weight (Mr 144,000 in bovine, 135,000 in human)that 
is present in high concentration and binds vitamin A, which 
suggests  a  role  in  the  transport  of retinoids  between  the 
photoreceptors and pigment epithelium (5, 7,  13). Because of 
its localization and affinity for retinol, this IPM glycoprotein 
has been named interstitial  retinol binding protein (IRBP). 
Although  rod  photoreceptors  have  been  implicated  in  the 
synthesis and secretion of IRBP (10,  11), nothing is known 
about the interaction of this component with the tissues that 
border the  IPM, nor is any information available about its 
retrieval and degradation. In this study we incubated isolated 
bovine retina and pigment epithelium with IRBP-coated col- 
loidal gold (IRBP-CG) as a means of visualizing the interac- 
tion of IRBP with cells that border the IPM. 
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Bovine  IRBP was purified as described  previously (8). Ovalbumin was pur- 
chased from  Sigma Chemical Co. (St. Louis,  MO), CG (40 nm) was prepared 
by reduction of 100 ml of 0.01%  HAuCI4 with 2 ml of 1% trisodium citrate 
dihydrate (19). The solutions were mixed on ice and then refluxed for 30 rain 
to yield a red sol. After cooling on ice, the pH was adjusted to -5.2 by addition 
of 0.25  ml of 0.2  M K2CO3. The amount of IRBP or ovalbumin required to 
protect the CG  from  precipitation by an  equal volume of  10%  NaCl was 
determined to be  13  #g IRBP/ml of sol  and  180 ug ovalbumin/ml of sol. 
Protein equal to  110% of these  values was added to 25  ml of CG solution. 
After 5 min of gentle agitation, we added 0.25 ml of 5% polyethylene  glycol to 
each protein-CG sol to ensure stabilization of the suspension. 
We established that the glycoproteins added to the CG suspension were 
indeed associated  with the CG panicles. At the end of the incubations described 
below,  the medium was recovered:  the colloidal gold particles were pelleted 
(12,000  rpm for  3 min), resuspended in sodium acetate buffer  (20  mM, pH 
5.0),  and  pelleted again: and  the  pellet was then  resuspended  in  an  SDS 
dissociation  buffer (13) to remove associated protein. After the CG was pelleted, 
aliquots  of the SDS solution were then electrophoresed  on SDS-polyacrylamide 
gels (13)  and the gels were  stained with Coomassie Blue or immunoblotted 
onto nitrocellulose  paper (10) by the use of anti-bovine IRBP lgG (7, 8). By 
following these procedures we could identify both IRBP (on the immunoblots) 
and ovalbumin (in the stained gel). 
The retina and pigment epithelium used for studies of the association of CG 
tracers were isolated from bovine eyes, which had been enucleated and placed 
on ice within 10 min after death.  Eyes reached  the laboratory within 1 h after 
enucleation. The retina and pigment epithelium/choroid  tissues were separated 
and circular discs of tissue were cut with a  3-ram trephine. Tissue discs were 
placed in  1-ml  volumes of protein-CG suspended in Ringer's/bicarbonate/ 
pyruvate incubation medium (6) and were incubated at 37*£" with continuous 
gassing (95%  02:5%  CO2) at a  flow rate of 1 standard ftJ/h.  At incubation 
intervals of 15 rain or I or 2 h, tissues were recovered and fixed for 30 rain in 
cacodylate buffer  (pH  7.4,  0.10  M)  containing 2%  formaldehyde and  2% 
glutaraldehyde.  At the end of the primary fxation one-half  of the tissue samples 
were  postfixed  in  1%  OsO,  for  30  rain and  processed  for routine electron 
microscopy. We processed the remaining  tissues  for acid phosphatase cytochem- 
istry using a modification (14) of the procedure of Gomori (9). 
RESULTS 
Retina 
We  observed  single  IRBP-CG  particles  adjacent  to  the 
extracellular surface of rod and cone outer segments and also 
within  the  fuzzy coat material  surrounding the  connecting 
cilium at the inner segment-outer segment junction.  In the 
tissues recovered after 15 min of incubation in the presence 
of IRBP-CG, we observed single or clustered CG particles 
associated with the extracellular surface of the plasma mem- 
brane of both rod and cone inner segments. As shown in Fig. 
I(A-C), small groups of IRBP-CG particles were associated 
with the surface of the outer plasma membrane, sometimes 
in  small  depressions  in  the  plasma  membrane  surface  in 
configurations that suggested an early stage of endocytosis. 
IRBP-CG was frequently observed in the inner segment 
cytoplasm of both rods and cones within the lumen of lucent 
vesicles 100-500 nm in diameter in tissues from all recovery 
times (Figs.  1, D-G, and 2, A and B). Vesicles containing  1- 
5 CG particles were encountered in every third or fourth inner 
segment profile examined. The vesicles containing IRBP-CG 
could be found throughout the inner segment from the level 
of the  connecting  cilium  to  positions  near  the junctional 
contacts with Muller's cells,  which form the so-called outer 
limiting membrane of the retina. We never observed IRBP- 
CG within the outer segment. 
In retinas from the 1- and 2-h recovery times, 1-10 IRBP- 
CG particles were also observed within the luminal profiles 
of multivesicular bodies (0.5-1.0 um diam) in both rod and 
cone inner segments (Fig.  2,  C-E). In tissues prepared for 
acid phosphatase cytochemistry, co-localization of IRBP-CG 
with acid phosphatase reaction product in the multivesicular 
body was observed (Fig. 2 F). Acid phosphatase-positive ma- 
terial was not present in the smaller, electron lucent vesicles 
described above, which also contained IRBP-CG. 
Examination of Muller's cell cytoplasmic contents failed to 
reveal the presence of any intracellular IRBP-CG, although 
the tracer was commonly observed in the extracellular space 
in close proximity to the villous processes. 
In the retinal tissues incubated with ovalbumin-CG, this 
tracer was also observed in the extracellular space but was not 
found associated with the plasma membrane of photorecep- 
tots as described above for IRBP-CG. In the four blocks of 
retinal tissue examined from each of the recovery times, only 
one rod was observed to contain ovalbumin-CG in the inner 
segment cytoplasm of more than  50 photoreceptor sections 
examined.  In this rod from a  retina recovered after  1 h  of 
incubation,  we observed a  vesicle  150 nm in diameter that 
contained two ovalbumin-CG particles. Except for this single 
example, ovalbumin-CG was  not  present  within  the  cyto- 
plasm  of any of the  other photoreceptors or Muller's cells 
examined. 
Pigment Epithelium 
In samples recovered after  15  min of incubation,  IRBP- 
CG was observed in close association with the apical surface 
and villous processes of the pigment epithelium, In the tissues 
recovered after  1 and 2  h  of incubation,  in addition to the 
extracellular IRBP-CG, the tracer was also observed within 
the luminal cavities of vesicles 200-300 nm in diameter, some 
of which appeared to be connected to tubular cisternae in the 
apical cytoplasm of the  pigment epithelium just below the 
plasma membrane (Fig.  3, A  and B).  At all recovery times 
examined, the IRBP-CG remained in these membrane-bound 
compartments near the apical surface and were not observed 
in more basal regions of the cell. In the pigment epithelium/ 
choroid samples incubated for acid phosphatase cytochemis- 
try,  reaction  product  was  present  in  the  Golgi  apparatus, 
phagosomes, and residual bodies but was not observed in the 
apical vesicles containing IRBP-CG. 
In the pigment epithelium/choroid tissues incubated with 
ovalbumin-CG, we observed CG particles in  locations vir- 
tually identical  to those  of the  IRBP-CG described above. 
They were present extracellularly and were also found in the 
lumen  of small  vesicles  and  tubular  cisternae  within  the 
pigment epithelial cells subjacent to the apical plasma mem- 
brane (Fig. 3, C and D). 
DISCUSSION 
These observations show  that  the  cells bordering the  IPM 
varied in their ability to endocytose protein-coated CG and 
also that this response varied depending on whether IRBP or 
ovalbumin was the protein in question.  IRBP-CG particles 
were observed in close apposition to the plasma membranes 
of rod and cone inner segments and were also seen associated 
with depressions in the plasma membrane of the inner seg- 
ments,  which  suggested  stages  in  endocytosis.  Within  the 
photoreceptors we observed from one to five IRBP-CG par- 
ticles in small lucent vesicles located in positions from just 
below the plasma membrane to deep within the interior of 
the inner segment. IRBP-CG was also observed in multives- 
icular bodies in the 1- and 2-h recovery samples. The absence 
of acid phosphatase reaction product in  the smaller lucent 
HOLLYFIELO  et  AL.  Turnover of lnterstitial  Retinol-binding  Protein  1677 FIGURE  1  IRBP-CG  localization in  bovine photoreceptors. (A and  C) Colloidal gold particles  clustered  in  depressions in  the 
plasma membrane of the inner segment of rod photoreceptors. (D and G)  IRBP-CG  in small lucent vesicles inside the inner 
segment of rod photoreceptors (B, E, and G) and a cone photoreceptor inner segment (F). cc,  connecting cilium; n, nucleus; v, 
villous processes of Muller's cell. Double arrows in B indicate junctional complex at the outer limiting membrane. All micrographs 
printed at same magnification.  Bar, 0.25 #m. 
vesicles  suggests  that  these  components represent  primary 
endocytotic vesicles that are involved in intracellular transport 
of the IRBP-CG to the multivesicular bodies.  The presence 
within these  multivesicular bodies of many IRBP-CG parti- 
cles that co-localize  with the acid phosphatase reaction prod- 
uct,  a  marker  for lysosomal enzymes,  suggests  that  IRBP, 
once interiorized by the photoreceptor cells, is shunted into a 
degradative  pathway  and  is  not  reused  or  recycled.  This 
interpretation  must  be  tempered  somewhat because  of the 
nature of the tracer used. The solid phase IRBP-CG particles 
are somewhat large and may not precisely follow the intracel- 
lular pathway taken by native IRBP when interiorized.  Ad- 
ditional studies  with  radiolabeled  or biotinylated IRBP will 
be required to delineate  further this pathway. 
The paucity of ovalbumin-CG within the cytoplasm of the 
photoreceptor cells suggests that the endocytosis of IRBP-CG 
may involve a  specific recognition process  rather than bulk 
uptake of the tracer from the extracellular  space.  Receptor- 
1678  THE  JOURNAL OF  CELL BIOLOGY . VOLUME 100,  1985 FIGURE 2  IRBP-CG in the inner segment of cone (A, B, and E) and rod photoreceptors (C, D,and F). In A a large lucent vesicle 
containing five CG  particles  is visible near the Golgi (*)  of a cone. (B) Small lucent vesicle containing 4  CG  profiles near a 
multivesicular body that contains what appears to be a partially degraded mitochondrion. (C and D) Two CG particles within the 
lumina of multivesicular bodies.  In E, two multivesicular bodies,  each containing three CG particles are evident, as is a small 
lucent vesicle (arrowhead) near a multivesicular body, suggesting a stage just before fusion with the multivesicular  body. (F) Acid 
phosphatase reaction product in the trans-face of a Golgi body (arrowheads) and also within a multivesicular body that contains 
eight IRBP-CG gold particles. All micrographs printed at same magnification,  my, multivesicular  body. Bar,  0.25 #m. 
HOLLYFiELD  ~'T AL.  Turnover of Interstitial Retinol-binding P~otein  1~ 679 FIGURE  3  IRBP-CG  (A and B) and ovalbumin-CG (C and D) contained in small vesicles and cisternae near the apical surlace o| 
the pigment epithelium. A and C are from tissues incubated with the tracer for I  h; B and D are from tissues incubated for 2 h. 
All micrographs printed at same magnification, m, melanosome. Bar, 0.25 #m. 
mediated endocytosis in other systems is thought to occur in 
conjunction  with  specific receptors that  cluster in  clathrin- 
coated pits (2,  16,  18). Although  coated vesicles  have been 
observed in the inner segments of amphibian photoreceptors 
(12), we should point out that we did not observe IRBP-CG 
in coated vesicles in these conventionally fixed and stained 
preparations. The uptake of IRBP-CG by uncoated vesicles 
suggests  that  this  response  may not  be  receptor mediated. 
Additional studies using methods which more clearly reveal 
clathrin will be required to substantiate this observation. 
We did not observe the differential response of the photo- 
receptors to  IRBP-CG and  ovalbumin-CG in  the  pigment 
epithelium.  In this  tissue,  both  tracers were  taken  up  into 
small endocytotic vesicles that remained near the apical sur- 
face of the pigment epithelium. Note also that whereas in the 
photoreceptors the IRBP-CG moved rapidly into the multi- 
vesicular bodies,  in the pigment epithelium  both IRBP-CG 
and  ovalbumin-CG remained  in  the  apical cytoplasm and 
were not observed to fuse with lysosomes during the incuba- 
tion.  Because  both  tracers  were  engulfed  by  the  pigment 
epithelium, it is likely that this response reflects nonspecific 
uptake of small  components  from the  IPM by this  tissue. 
Since  IRBP has  been  implicated  as  a  cartier  molecule for 
transport  of retinoids  across  the  IPM  (13,  17), the  small 
vesicles  observed  under  the  apical  surface  of the  pigment 
epithelium may be the sites at which IRBP delivers or acquires 
its ligand.  Additional  studies  with  longer incubation  times 
will  be required  to determine whether the  IRBP-CG is de- 
graded or recycled by the pigment epithelium. 
Although  this  report deals with the  response of the cells 
that surround the  IPM to only one of its major established 
constituents,  other soluble proteins and glycoconjugates are 
also present (1,  3). Future studies that focus on other matrix 
components may reveal entirely different patterns of cellular 
response. Because of the  interdependence of the  retina and 
pigment epithelium for the turnover and biosynthesis of the 
IPM and for the sustained function of the vision process, an 
understanding of  the interactions of components of  the matrix 
with the surrounding tissues is an important area for future 
study. 
1 680  THE JOURNAL OF  CELL BIOLOGY - VOLUME 100,  1985 This work was supported  by the Retinitis  Pigmentosa  Foundation 
Fighting Blindness, Baltimore, MD, the Retina Research Foundation, 
Houston, TX, Research to Prevent Blindness, NY, and The National 
Institutes of Health, Bethesda, MD. 
Received for publication  6 December  1984, and in revised form 31 
January 1985. 
REFERENCES 
I.  Adler, A. J., and K. M. Severin.  198 I. Proteins of the bovine interphotoreceptor matrix: 
tissues of origin. Exp. Eye Res. 32:755-769. 
2.  Anderson, R., M. Brown, U. Beisiegel, and J. Goldstein.  1982. Surface distribution  and 
recycling of the low density lipoprotein  receptor as visualized with antireceptor antibod- 
ies. J. Cell BioL 93:523-531. 
3.  Berman, E. R., and G. Bach.  1968. Acid mucopolysaccharides  of cattle retina. Biochem. 
.L 108:75-88. 
4.  Berman, E.  R.  1964. The biosynthesis  of mucopolysaccharides and glycoproteins  in 
pigment epithelial  cells of bovine retina. Biochem. Biophys. Acta. 83:371-373. 
5.  Bunt-Milam,  A.,  and  Saari,  J.  C.  1983. lmmunocytochemical localization  of two 
retinoid-binding  proteins in vertebrate retina. £  Cell Biol. 97:703-713. 
6.  Hiesler,  S. J., G. A. Tabor, and J. G. Hollyfield.  1984. Glycoprotein synthesis  in the 
human retina:  localization  of the lipid  intermediate pathway. Exp. Eye Res. 39:152- 
173. 
7.  Fong,  S.-L., G. I. Liou, R. A. Landers, R. A. Alvarez, F. Gonzalez-Fernandez, P. A. 
Glazebrook, D. M. K. Lain, and C. D. B. Bridges.  1984. Characterization,  localization 
and biosynthesis  of an interstitial  retinol-binding  glycoprotein  in the human eye. J. 
Neurtx'hem.  42:1667-1676. 
8.  Fong,  S.-L., G. I. Liou, R. A. Landers, R. A. Alvarez, and C.  D.  B. Bridges.  1984. 
Purification  and  characterization of a  retinol-binding  glycoprotein  synthesized  and 
secreted by bovine neural retina. J. Biol. Chem. 259:6534-6542. 
9.  Gomori, G.  1952. Microscopic  Histochemistry,  Principles  and Practice.  University of 
Chicago Press, Chicago. 273. 
10.  Gonzalez-Fernandez, F.,  R. A. Landers, P. A. Glazebrook, S.-L Fong,  G. I. Liou, D. 
M. K. Lain, and C. D. B. Bridges.  1984. An extraeellular  retinol-bindiog  glycoprotein 
in  the eyes of mutant rats with  retinal  dystrophy---development, localization,  and 
biosynthesis. Z  Cell Biol. 99:2092-2098. 
l 1.  Hollyfield,  J. G., S. J. Fliesler,  M. E. Rayborn, S.-L Fong,  R. A. Landers, C. D. B. 
Bridges.  1985.  Synthesis  and secretion  of interstitial  retinol-binding  protein  by the 
human retina. Invest.  Ophthalmol.  26:58-67. 
12.  Holtzman,  E.,  and  A.  M.  Mercurio.  1980. Membrane circulation  in  neurons  and 
photoreceptors:  some unresolved issues. Int. Rev. CytoL 67:1-67. 
13.  Liou, G. L, C. D. B. Bridges, S.-L. Foog,  R. A. Alvarez, and F. Gonzalez-Fernandez. 
1982. Vitamin A transport between retina and pigment epithelium:  an interstitial protein 
carrying  endogenous retina (interstitial  retinol-binding  protein).  Vis. Res. 22:1457-1467. 
14.  Novikoff, A. B. 1963. Lysosomes in the physiology and pathology of cells: contributions 
of stainiog  methods. Ciba Found. Syrup. Lysosomes.  36-73. 
15. Ocumpaugh, D. E., and R.  W.  Young.  1966. Distribution  and synthesis  of sulfated 
mucopolysaceharides in the retina of the rat. Invest.  Ophthalmol.  5:196-203. 
16.  Pearse, B. M. F.  1976. Clathrin:  a unique protein associated  with intracellular  transfer 
of membrane by coated vesicles. Proc. Natl. Acad.  Sci. USA. 73:1255-1259. 
17.  Pfeffer, B., B. Wiggert, L. Lee, B. Zonnenberg, D. Newsome, and G. Chader. 1983. The 
presence  of a soluble  interphotoreceptor retinol-binding  protein (IRBP) in the retinal 
interphotoreceptor space. J. Cell Physiol.  117:333-341. 
18.  Salisbury, J., J. Condeelis,  and P. Satir.  1980. Role of coated vesicles, microfilaments, 
and calmodulin in receptor-mediated endocytosis  by cultured B lymphoblastoid cells. 
J. Cell Biol. 87:132-141. 
19.  Slot,  J.  W.,  and  H. J.  Geuze.  1981.  Sizing  of protein A-colloidal  gold  probes  for 
immunoelectron microscopy. J. Cell Biol. 90:533-536. 
HOL~LYFIELD ET  AL.  Turnover of Interstitial Retinol-binding Protein  1 (981 